Introduction
Cone snails are marine hunters that use venom as the primary weapon for prey capture. The main components of Conus venom are small disulfide-rich peptides ranging from 10 to 50 amino acids. There are 50,000 different conotoxins in 500 Conus species [1] . However, ,1% of them have been discovered so far [2] . These peptides bind to voltage-gated ion channels (Na þ , K þ , Ca 2þ ) or selectively target membrane receptors (nAChR, 5-HT3R, NMDAR, and G-protein-coupled receptors) [3] [4] [5] . Because of this property, some conotoxins have been used as molecular tools to study ion channels and receptors [1, 6] , which have a pharmaceutical potential [7] [8] [9] .
One of the most remarkable features of Conus toxin precursors is that each conotoxin superfamily has a specific cysteine pattern and a relatively conserved signal peptide sequence [1, 9, 10] . The conservation of signal sequences has been used to identify conotoxin-superfamily peptides by cDNA cloning. Conotoxins with eight cysteines are relatively less studied, and up to date, only five types of conotoxins containing eight cysteine residues have been found.
I-superfamily contains framework XI (-C-C-CC-CC-C-C-) [11] [12] [13] , whereas conotoxin Gla-TxX [14] , De13a [15] , Lt15.1 [16] , and Ca16a [17] contain framework XII (-C-C-C-C-CC-C-C-), framework XIII (-C-C-C-CC-C-C-C-), framework XV (-C-C-CC-C-C-C-C-), and framework XVI (-C-C-CC-C-CC-C-), respectively. For framework XII (-C-C-C-C-CC-C-C-), only two conotoxins (Gla-TxX and Gla-MII) have been identified from Conus textile and Conus marmoreus, respectively. They contain g-carboxyglutamic acid (Gla), which are also found in other conotoxins with some important biological implications [18 -21] . Among the eight cysteine conotoxins identified so far, only one superfamily conotoxin has been functionally characterized: ViTx from Conus virgo targets vertebrate voltage-sensitive Kv1.1 and Kv1.3 potassium channels [22] ; kappa-Btx from the venom of Conus betulinus modulates K þ channels of the BK subtype [23] ; and RXIA from the venom of Conus radiatus targets vertebrate voltage-sensitive Na þ channels [24] .
We found a novel conotoxin Lt12.4 from Conus litteratus in the previous cloning of novel I 2 -superfamily conotoxin using the signal peptide sequence [25] . Lt12.4 has a framework XII (-C-C-C-C-CC-C-C-), which is different from the cysteine pattern of I 2 -superfamily conotoxin (-C-C-CC-CC-C-C-). Moreover, we identified a signal peptide sequence of Lt12.4 by 5 0 -RACE. With this signal peptide sequence, we identified another five novel conotoxins from four Conus species (Conus eburneus, Conus imperialis, C. Marmoreus, and C. litteratus). These novel conotoxins, which probably contain Gla residues, have the same cysteine pattern with the reported Gla-TxX and Gla-MII [14, 26] . Furthermore, they have more conserved signal peptide, as well as a highly conserved and hypervariable mature peptide sequence. Since they fall into the same clade except Lt12.4, they can be defined as a new superfamily of E-conotoxins. 0 -RACE One microgram of the total venom duct RNA from the four Conus snails was reversely transcribed into cDNA by reverse transcriptase M-MLV with a 3 0 -RACE adaptor (5 0 -TACCGTCGTTCCACTAGTGATTTTTTTTTTTTTTT-T-3 0 ). The synthesized cDNA was used as the template for the 3 0 -RACE reaction. The following primers were used: the forward primer F1 (5 0 -ATGATGTTTCGATTGACGTC AGTC-3 0 ) was designed based on the N terminus of the signal sequence of I 2 -superfamily conotoxins, which was used to find the novel conotoxin Lt12.4 [25] ; the forward outer primer P1 (5 0 -ATGTTCGGTCATACGTCAGTC AG-3 0 ) and the inner primer P2 (5 0 -CTTCTGCTCTCCATC ATGGCTC-3 0 ) were designed based on the N-terminal Lt12.4 signal sequence, which were used to identify other novel conotoxins with framework XII. The reverse 3 0 -RACE outer primer R1 (5 0 -TACCGTCGTTCCACTAG TGATT-3 0 ) was a shorter version of the 3 0 -RACE adaptor primer without the poly (dT) tail as well as reverse 3 0 -RACE inner primer R2 (5 0 -CGCGGATCCTCCACTAG TGATTTCACTATAGG-3 0 ). Briefly, PCR amplification was carried out with 30 cycles at melting temperature of 948C for 30 s, annealing temperature of 558C for 30 s, and extension temperature of 728C for 45 s. Then, PCR products were analyzed by the gel electrophoresis, and the purified product of the expected size was added to adenine and ligated into the T-tailed plasmid vector pGEM-T (Promega). Subsequently, the ligation products were transformed into competent cells of Escherichia coli DH5a. Transformed colonies were screened by white-blue identification for sequence analysis. Plasmids containing inserts of 300-700 bp in size were sequenced with the dideoxy chain termination method using the ABI Model 3730 automated sequencer (Applied Biosystems, Foster City, USA). The predicted protein sequences were analyzed with the software Seqtools (http://www.bio-soft.net/sms). 0 -RACE kit. The 5 0 -RACE was carried out using the TaKaRa 5 0 -RACE kit. Briefly, the 5 0 -cap of mRNA was isolated by the tobacco acid pyrophosphatase, and it was reversely transcribed into cDNA by reverse transcriptase M-MLV. The cDNA was used as the template for gene-specific PCR amplification with the gene-specific primer D1, D2, and 5 0 -RACE outer primer. Two prominent PCR bands of 600 and 397 bp were separated and purified. The product was ligated into a pGEM-T Easy vector (Promega) for sequencing. The signal peptide sequences of Lt12.4 and Mr12.5 were predicted by using the SignalP 3.0 server (http://www.cbs.dtu.dk/services/SignalP) [27] .
Materials and Methods

Reagents
Identification the framework XII conotoxins in other
Conus species Total cDNA of other Conus species was used as the template to clone other conotoxins of framework XII. The forward outer primer P1 and the inner primer P2 were designed based on the cDNA sequence of Lt12.4 signal peptide, and they were paired with the 3 0 -RACE outer primer and the 3 0 -RACE inner primer, respectively, for nested-PCR amplification. The PCR products were cloned into pGEM-T-Easy vector for sequencing. Finally, the novel cDNA sequences were searched in the GenBank Nucleotide Sequence Database.
Peptide sequence alignment and phylogenetic tree analysis Database searches were performed with the BLASTN algorithm (http://www.ncbi.nlm.nih.gov/BLAST/) [28] . The predicted protein sequences were analyzed with the software Seqtools (http://www.bio-soft.net/sms). The signal peptide sequences of the novel conotoxin precursors were predicted online with SignalP 3.0 Server (http://www.cbs. dtu.dk/services/SignalP/). Multiple alignments of protein sequences were obtained from CLUSTALX1.83. The phylogenetic analysis of new E-conotoxin sequences and the reported typical sequences with eight cysteines in the NCBI database was performed with the neighbor-joining (NJ) method by MEGA 4.0. Bootstrap values were estimated from 1000 replicates.
Results
Identification of Lt12.4 cDNA clones encoding conopeptide precursors with framework XII from C. litteratus In our previous study, we identified a new conotoxin Lt12.4 (GenBank accession number GQ479944) using the conserved signal peptide sequence of the I 2 -superfamily [25] , which has the framework XII. Figure 1 shows the full-length Lt12.4 cDNA cloned by the 3 0 -and 5 0 -RACE. The signal peptide sequence, post peptide, and mature toxin region of Lt12.4 consisted of 25, 14, and 46 amino acids, respectively. The mature toxin region was followed by post peptide and a closing 3 0 -UTR, which is similar to that of I 2 -superfamily. The signal peptide sequence of Lt12.4 is different from the I 2 -superfamily (only 52% of sequence identity) (Fig. 2) , but it has a highly conserved sequence with Gla-TxX (84.6% of identity) [14] . Therefore, this led us to clone a new superfamily conotoxin from four Conus species with this signal peptide sequence of Lt12.4.
Identification of cDNA clones encoding framework XII conotoxins from four Conus species
We identified the cDNA sequences from the four Conus species (C. eburneus, C. imperialis, C. litteratus, and C. marmoreus) using 3 0 -RACE. We completely sequenced 68 clones in total and the inferred corresponding protein sequences were deduced with Seqtools software. In order to avoid experimental errors, we selected 16 -18 clones for each Conus species, which were obtained from three different batches of PCR ligation products. We identified five new conotoxin sequences with the framework XII (-C-C-C-C-CC-C-C-) from the four Conus species (one from C. eburneus, one from C. litteratus, two from C. marmoreus, one from C. imperialis, and C. eburneus) by searching the NCBI database. We named the corresponding mature peptides as conotoxin Im12.10, Lt12.9, Eb12.4, Mr12.5, Mr12.8, and Eb12.10. These cDNA sequences have been submitted to GenBank and the corresponding accession numbers are as follows: GQ228836 (Im12.10), GQ228838 (Lt12.9), GQ228839 (Eb12.4), GQ228841 (Mr12.5), and GQ228842 (Mr12.8). Figure 2 shows the predicted amino acid sequences. Surprisingly, our results showed that some precursor sequences were found to be identical in different Conus species. For example, Im12.10 was identical with Eb12.10, and the mature peptide of Eb12.4 from C. eburneus is also the same as Mr12.5 and the reported conotoxin Gla-MII from C. marmoreus [26] .
Characterization of six new conotoxins of framework XII from four Conus species Among the above six mature peptides, all the sequences have the same cysteine pattern and the difference among them is the number of amino acids between the second and the third cysteine. Interestingly, the mature peptide sequences exhibit both conserved and hypervariable characters between Conus species or within the same Conus species. For example, Lt12.4 and Im12.10 are from different Conus species and have significantly different amino acid residues within the intercysteine loop. Lt12.4 and Lt12.9 are also different in residues, although they come from the same Conus species. On the other hand, we found the same conotoxins from different Conus species, such as Mr12.5 and Eb12.4.
Discussion
In the present study, we identified a new conotoxin Lt12.4 with the framework XII (-C-C-C-C-CC-C-C-) during the cloning of the I 2 -superfamily conotoxins. By 5 0 -RACE, we cloned the signal peptide sequence of Lt12.4, which was different from the I 2 -superfamily conotoxins. However, it shows a more conserved sequence with Gla-TxX from C. textile. Furthermore, we identified the five other novel conotoxins with framework XII by using the signal peptide sequence of Lt12.4 (Fig. 2) . The six novel members (Eb12.4, Lt12.9, Lt12.4, Mr12.5, Mr12.8, and Im12.10) along with the two reported conotoxins show more conserved signal peptide sequences, which are distinct from those sequences in previously reported superfamilies. Therefore, they can be defined as a novel class of E-superfamily conotoxins.
We cloned the novel Lt12.4 with this framework XII using the I 2 -superfamily signal peptide sequence. This success is mainly because of the moderate homology (52%) (Fig. 2) of the Lt12.4 signal peptide sequence with the I 2 superfamily peptide as well as the similarity in the cloning primer F1, where the 15 bases of primer F1 (5 0 -ATGATGTTTCGATTGACGTCAGTC-3 0 ) are identical to the signal peptide sequence of Lt12.4 (Fig. 1) . Such cases have been observed in the clones of two O-superfamily conotoxins when the I 3 -superfamily signal peptide sequence is used [13] .
Similar to other superfamily conotoxins, there are hypervariable mature peptide sequences in the novel six conotoxins. For example, Lt12.4 and Im12.10 are obviously different from other conotoxins (Fig. 2) . A high conservation in precursor sequences (including signal peptide, mature peptide, and post-peptide) is in novel conotoxins. For example, Im12.10 exists in C. imperialis and C. eburneus (namely Eb12.10). Furthermore, the signal peptide sequence of Eb12.4 is different from Mr12.5 (reported as Gla-MII), but their mature peptides are the same. This phenomenon is rare, although a few similar cases have been reported [25, 29] .
To better understand these similarities of sequences and the evolutionary relationships among E-conopeptides and the other eight cysteine pattern conotoxins, we reconstructed a NJ tree computed from some typical eight cysteine conotoxins and E-superfamily precursors (Fig. 3) . Among the six novel conotoxins, Lt12.9 and Im12.10 show a highly conserved sequence (the pairwise P-distance value is 0.36) and are clustered into one clade, the same evolutionary trace for Mr12.8, Eb12.4, and Mr12.5 (Gla-MII) (P-distance value is 0.00). In contrast, Lt12.4 belongs to distinct clade in the tree because of the different Figure 2 Precursor amino acid sequences Alignment of amino acid sequences of six novel precursors from four Conus species and two reported precursors Gla-TxX and ViTx from C. textile and C. virgo, respectively. Clones from cDNA prepared from venom ducts of C. eburneus (Eb), C. imperialis (Im), C. litteratus (Lt), and C. marmerous (Mr) were obtained using PCR and RACE. The signal peptides were shaded and mature peptides were boxed. The predicted g-carboxylation recognition sites were highlighted in white text on black background. Figure 3 Evolutionary relationships of eight cysteine peptides The CLUSTALW1.83 multiple sequence alignment was used as an input for MEGA4. The probable evolutionary history was inferred using the NJ method. The bootstrap consensus tree from 1000 replicates is taken to represent the evolutionary history of the sequences analyzed. The percentages of replicate trees in which the associated sequences clustered together in the bootstrap test are shown next to the branches. Underscoring denotes the novel conopeptides identified in this study.
amino acid residues and numbers of amino acids occurring between the cysteine residues (the pairwise P-distance values between Lt12.4 and other five novel conotoxins range from 0.51 to 0.80). The different primary sequences may indicate different structure and biological functions. Furthermore, the other eight cysteine framework conotoxins show different cysteine patterns and amino acids; therefore, they are clustered into different clades. Interestingly, Ca16a (framework XVI) [17] and Ca11.1 (I 3 -superfamily) [13] have distinct cysteine patterns, but they are clustered into the same clades (the pairwise P-distance value is 0.80). A similar case occurs in Lt15a (framework XV) [16] and ViTx (I 2 -superfamily) [22] .
Gla-TxX contains g-carboxylated Glu residues in the mature peptide sequence and possesses a possible g-carboxylation recognition site (g-CRS, Lys/Arg-X-X-J-X-X-X-X-Lys/Arg, where J is a hydrophobic residue, usually Leu, and X is any amino acid) in the post-peptide sequence [14] . Eb12.4, Lt12.9, Mr12.5, Mr12.8, and Im12.10 contain the same Glu array and a similar conserved motif for g-carboxylation recognition, and they probably have the same modification tendency with Gla-TxX, in which five Glu residues at loci 5, 9, 12, 15, and 16 of the mature peptide are post-translationally modified. In contrast, Lt12.4 has Glu residues at positions 4, 9, 21, suggesting that the g-carboxylation site may be different from that of Gla-TxX. Previous studies have reported that the Gla-containing conotoxins can interact with Ca 2þ ions and inhibit calcium channel and NMDA receptor function [30, 31] . So far, only two peptides with framework XII have been functionally characterized: one is an inhibitor of the porcine sodium/potassium ATPase [32] , the other is a human elastase-specific inhibitor [33] . Thus, although the molecular target and the biological role remain to be determined, the framework XII conotoxin we identified here may be highly valuable.
